The production of renewable bioenergy will be necessary to meet rising global fossil fuel demands. Members of the marine microalgae genus Nannochloropsis produce large quantities of oils (triacylglycerols; TAGs), and this genus is regarded as one of the most promising for biodiesel production. Recent genome sequencing and transcriptomic studies on Nannochloropsis have provided a foundation for understanding its oleaginous trait, but the mechanism underlying oil accumulation remains to be clarified. Here we report Nannochloropsis knock-out strains of four extraplastidic lysophosphatidic acid acyltransferases (LPAT1-LPAT4) that catalyze a major de novo biosynthetic step of TAGs and membrane lipids. We found that the four LPATs are differently involved in lipid metabolic flow in Nannochloropsis. Double knock-outs among the LPATs revealed the pivotal LPATs for TAG biosynthesis, and localization analysis indicated that the stramenopile-specific LPATs (LPAT3 and LPAT4) associated with TAG synthesis reside at the perimeter of lipid droplets. No homologous region has been found with other lipid droplet-associated proteins, however. Lipid droplets are an organelle found in nearly all organisms, and recently they were shown to play important roles in cellular metabolism and signaling. Our results provide direct evidence for the importance of the perimeter of lipid droplet in TAG synthesis in addition to its known role in maintaining TAG stability, and these findings suggest that the oleaginous trait of Nannochloropsis is enabled by the acquisition of LPATs at the perimeter of lipid droplets.
INTRODUCTION
The production of renewable bioenergy is necessary to meet the rising global demand for fossil fuels (Malcata, 2011) . To this end, microalgae have gained considerable attention for their high efficiency of feedstock production.
Oils (triacylglycerols, TAGs), which can be converted to biodiesel fuel, are the major carbon storage compounds in microalgae (Hu et al., 2008) . Recent cross-species validations have shown that one of the most promising genera for TAG production is Nannochloropsis (Slocombe et al., 2015; Taleb et al., 2016) . Nannochloropsis species are single-celled marine microalgae in the Eustigmatophyceae class of the stramenopiles. They have complex cellular systems acquired by secondary symbiosis, can grow to high densities (Radakovits et al., 2012) and can accumulate TAGs contributing up to 50% of the dry weight of the biomass under nitrogen-starved conditions (Bondioli et al., 2012) . Although there have been recent genome sequencing and transcriptomic studies on Nannochloropsis (Radaof this genus are largely unknown. A gene modification technique using homologous recombination has been established in Nannochloropsis, thus providing a way to better understand lipid metabolism (Kilian et al., 2011) , although the application of this technique to this microalga is still very limited.
The main de novo biosynthetic pathway for TAGs in eukaryotes, the fatty acyl-CoA-dependent Kennedy pathway, consists of three sequential additions of fatty acyl moieties to a glycerol backbone (Figure 1a ; Chapman and Ohlrogge, 2012) . First, the sn-1 position of a glycerol-3-phosphate is acylated by glycerol-3-phosphate acyltransferase (GPAT) to generate lysophosphatidic acid (LPA). Second, the sn-2 position of LPA is acylated by LPA acyltransferase (LPAT, also known as AGPAT or LPAAT) to generate phosphatidic acid (PA). After the removal of a phosphate at the PA sn-3 position by PA phosphatase (PAP) or PA phosphohydrolase (PAH), diacylglycerol (DAG) is generated and acylated by DAG acyltransferase (DGAT), resulting in TAG. Note that DAGs are not only required for the biosynthesis of TAGs but are also used as precursors for various membrane lipids (Li-Beisson et al., 2013) .
It is generally thought that enzymes for the Kennedy pathway localize to the endoplasmic reticulum (ER), and that TAGs accumulate in cytoplasmic lipid droplets (LDs, also known as oil bodies or oil droplets), which are organelles found in nearly all organisms (Murphy, 2012) . LDs not only store lipids but also appear to be important for lipid metabolism and signaling (Farese and Walther, 2009; Hurlock et al., 2014) . Indeed, various lipid metabolic enzymes have been identified in proteomic analyses of LDs from bacteria to mammals and plants (Yang et al., 2012) . A recent study of Drosophila cells showed that the relocalization of GPAT, LPAT, and DGAT from the ER to LDs is essential for LD growth, thus highlighting a potential role for the LD surface as a site for TAG biosynthesis (Wilfling et al., 2013) .
Here we characterize the lipid biosynthetic pathways dictated by four LPATs in the extraplastidic Kennedy pathway in Nannochloropsis oceanica NIES-2145. Additionally, we propose that the perimeter of LDs is an important location for TAG biosynthesis in Nannochloropsis.
RESULTS

Nannochloropsis TAGs have simple molecular features
Triacylglycerols (TAGs) accumulate in Nannochloropsis throughout its life cycle, but this accumulation is enhanced by nutrient deprivation (Figure 1b ; Bondioli et al., 2012; Vieler et al., 2012b; Simionato et al., 2013) . The major fatty acid moieties of Nannochloropsis TAGs were palmitic acid (C16:0) followed by palmitoleic acid (C16:1), oleic acid (C18:1) and myristic acid (C14:0) (Figure 1c) . Under phosphate-depleted culture conditions (ÀP), the proportion of C18:1 to C16:0 increased, whereas the sn-2 position of TAGs was stable, with a predominance of C16:0 (80%) under all nutrient conditions (Figure 1d ). The remaining 20% of the sn-2 positions were occupied by 
(a) Figure 1 . Fatty acid species of Nannochloropsis triacylglycerols (TAGs) under various nutrient conditions. (a) Extraplastidic de novo biosynthetic pathway for TAGs in Nannochloropsis oceanica NIES-2145. The number of circles in front of each enzyme name indicates its copy number; FA, fatty acid; P, phosphate. (b) TAG accumulation under ÀN, ÀP and complete medium control conditions. Nile red (green) and chlorophyll autofluorescence (magenta) are overlain on differC14:0 and C16:1, but their proportions did not change, even under nitrogen-depleted conditions (ÀN), which increased the overall content of C14:0 in TAGs. Thus, the molecular feature of the major TAGs in Nannochloropsis is C16:0 at the sn-2 position.
Nannochloropsis has four functionally overlapping LPATs
Based on the available genome information combined with RNA sequencing data, a single copy of GPAT, four copies of LPAT, single copies of PAP and PAH, and 13 copies of DGAT were identified for the extraplastidic Kennedy pathway in N. oceanica NIES-2145 ( Figure 1a) . We failed to generate a knock-out strain for GPAT, probably owing to the lack of redundancy for this gene. Lethality caused by loss of GPAT in the extraplastidic pathway has also been reported in Arabidopsis thaliana (Shockey et al., 2016) . Moreover, we predicted that it would be difficult to target DGATs because of the 13 homologs with possible redundant functions. We thus focused on the four LPATs: LPAT1, LPAT2, LPAT3 and LPAT4. Phylogenic analysis showed that these LPATs could be classified into three types: LPAT1 and LPAT2 belong to different eukaryotic subfamilies, which share low similarity with each other; by contrast, LPAT3 and LPAT4 are stramenopile-specific and appear to have a close evolutionary origin (Figures 2 and S1 ; Table S2 ). First, the single knock-out mutants for the four LPAT genes were generated by homologous recombination (Figure S2a) . Although the cell numbers in culture did not change, the knock-out of LPAT1, LPAT2 or LPAT3 yielded a pale-green phenotype accompanied by slightly reduced chlorophyll content . Figures 3 and S3 show the content and compositional changes of TAGs and membrane lipids in each lpat mutant. The fatty acid moiety at the sn-2 position of TAGs was maintained in each lpat mutant (Figure 3c ). Although lpat1 showed no change in TAG content or composition, C16:1 in phosphatidylcholine (PC) and diacylglyceryltrimethylhomoserine (DGTS) decreased to nearly half (Figure 3b, d, e) . These data indicate that LPAT1 mainly participates in membrane lipid synthesis. On the other hand, neither lpat2 nor lpat4 showed clear changes in lipid profiles, except for the decrease in C16:0 in PC in lpat4 (Figure 3e ). Although some characteristic differences were observed, we found that there is functional redundancy in LPATs.
Double knock-outs of LPATs cause strong reduction in TAGs
To further examine the lipid metabolic pathway covered by the four redundant LPAT functions, we generated the double knock-out mutants lpat1;2, lpat1;4, lpat2;3, lpat2;4 and lpat3;4 (Figures S4a, S6a). We were unable to obtain an lpat1;3 mutant line. Mutants lpat1;2, lpat2;3 and lpat2;4 showed wild-type cell numbers, but cell numbers were reduced by 40 and 20% in lpat3; 4 and lpat1; 4, respectively (Figures S4c, S6c and S7) . The color of the culture was more green in lpat2;4 and lpat1;2, and pale green in lpat3;4, and the color correlated well with chlorophyll content and cell number . Next, we performed lipid analysis and found that the TAG content decreased by up to 50% compared with wild type in lpat2;3 and lpat2;4, but not in lpat1;2 and lpat1:4 (Figures 4a, S4e , S6e-g). This indicated that LPAT2, LPAT3 and LPAT4, but not LPAT1, participate in TAG biosynthesis. Note that despite the overall reduction in TAG content, the sn-2 position of TAGs showed stable occupation by C16:0, as in the wild type, suggesting the cooperative incorporation of C16:0 by these three enzymes at the sn-2 position (Figure 4c) . Figures 4b, d , e, S5 and S8 show the changes in each lipid class in the mutants. In contrast to lpat2;3, lpat2;4 and lpat3;4 showed no apparent changes in membrane lipid content or fatty acid composition, except for a decrease of C16:0 in PC (by half), as observed in the single lpat4 mutant. These results suggested that LPAT4 participates more in TAG biosynthesis than LPAT2 and LPAT3. The lpat2;3 strain showed clear reductions in monogalactosyldiacylglycerol (MGDG), DGTS and PC, which was similar to lpat1. These data suggested some functional overlap among LPAT1, LPAT2 and LPAT3 in membrane lipid biosynthesis; however, lpat2;3 produced substantially less phosphatidylethanolamine (PE), which was different from lpat1. Moreover, when their fatty acid compositions were compared, the reduction of C18:1 in both PC and PE was much more obvious in lpat2;3 than in lpat1, suggesting the involvement of LPAT2 and LPAT3 in C18:1 incorporation into PC and PE. Rather than causing any additive effects with lpat1, both lpat2 and lpat4 cancelled the reduction in membrane lipids, albeit that the DGTS content remained lower in lpat1;2 ( Figures S6f, S8 ). Collectively, these data suggest functional assignments of the four LPATs: LPAT1 appears to be responsible for membrane lipid biosynthesis; LPAT4 is mainly involved in TAG biosynthesis; and LPAT2 and LPAT3 contribute to both processes.
To verify that LPAT2-LPAT4 are involved in the de novo TAG biosynthetic pathway as bona fide LPATs, we expressed Nannochloropsis LPAT2-LPAT4 in Saccharomyces cerevisiae cells. The coding sequences of the LPATs were optimized for the codon usage of S. cerevisiae, and C-terminal tagging with the Venus fluorescent tag enabled the detection of proteins in protein extracts (Figure 5a ). An in vitro enzyme assay was performed using C16:0-LPA and 14 C-labeled C16:0-CoA or C18:1-CoA as substrates. When C18:1-CoA was used as an acyl donor, protein extracts containing Nannochloropsis LPAT2 and LPAT3 had higher LPAT activity than the S. cerevisiae control protein extracts containing only the endogenous LPATs ( Figure 5b ). Whereas LPAT2 and LPAT3 were less able to use C16:0-CoA, LPAT4 could use C16:0-CoA as a substrate.
Subcellular localization of GPAT and LPATs
To confirm the extraplastidic subcellular localization of GPAT and LPATs, we expressed green fluorescent protein (GFP)-fused proteins in Nannochloropsis. GPAT, LPAT1 and LPAT2 showed typical network-like patterns for ERresident proteins, which were similar to the fluorescence signal of the ER-marker dye DiOC 6 (3) but were distinct from the cytosolic localization of free GFP (Figures 6a,b, S9a; Moog et al., 2015) . Interestingly, LPAT3 and LPAT4 localized to the perimeter of LDs, similar to GFP-tagged lipid droplet surface protein (LDSP; Figures 6a,c, S9a). Concerning the fluorescence overlap ( Figure S9b ), GFP and . Phylogenetic tree of lysophosphatidate acyltransferases (LPATs) constructed using maximum-likelihood algorithms. The topologies were calculated using the maximum-likelihood method based on the LG model +G (eight categories). Bootstrap values are indicated under each branch. Abbreviations for species are as follows: Afu, Aspergillus fumigatus Af293; At, Arabidopsis thaliana; Ccr, Chondrus crispus; Cel, Caenorhabditis elegans; Cin, Ciona intestinalis; Cme, Cyanidioschyzon merolae, subphylum Cyanidiophytina; Csa, Ciona savignyi; Dme, Drosophila melanogaster; Dre, Danio rerio; Esi, Ectocarpus siliculosus; Gth, Guillardia theta CCMP2712; Has, Homo sapiens; Kf, Klebsormidium flaccidum; Lbi, Laccaria bicolor; Ncr, Neurospora crassa OR74A; Ngad, Nannochloropsis gaditana; Ngra, Nannochloropsis granulata CCMP529; NIES-2145, Nannochloropsis oceanica NIES-2145; Noce1779, Nannochloropsis oceanica CCMP1779; NoceIMET1, Nannochloropsis oceanica IMET1; Nsal, Nannochloropsis salina CCMP537; Os, Oryza sativa, subspecies japonica; Pop, Populus trichocarpa; Pp, Physcomitrella patens subspecies patens; Ppu, Porphyra purpurea; Ptr, Phaeodactylum tricornutum; Rir, Rhizophagus irregularis DAOM 181602; Sce, Saccharomyces cerevisiae S288C; Sm, Selaginella moellendorffii; Spo, Schizosaccharomyces pombe; Uma, Ustilago maydis; and Xtr, Xenopus tropicalis. Source databases and sequence IDs are listed in Table S2 .
© 2017 The Authors. Nile red-labeled LDs were distinguished by spectral imaging. The localization to the perimeter of LD was also confirmed by simultaneous expression of LPAT4-GFP with LDSP-Venus ( Figure 6d ). To further verify the LD-specific subcellular localization of LPAT3 and LPAT4, we observed Venus-fused LPAT2, LPAT3 and LPAT4 proteins in S. cerevisiae cells. As in Nannochloropsis cells, LPAT2 localized to the ER, and LPAT3 and LPAT4 localized to the perimeter of LDs in S. cerevisiae cells (Figures 7a, S10, S11). We next examined the predicted protein secondary structures of LPATs and LDSP ( Figure S12 ). LDSP has a long hydrophobic stretch with three proline residues located centrally ( Figure S12 ; Vieler et al., 2012a) . We found that Nannochloropsis LPAT3 and LPAT4, but not LPAT1 and LPAT2, have long (30-40 residues), very hydrophobic domains with three central proline residues. To assess whether these hydrophobic features are a determinant of LPAT localization to the perimeter of LDs, we extracted a 100-residue sequence from LPAT4 (residues 401-500, Figure S12 ) and fused it with Venus. This very hydrophobic sequence alone was sufficient to localize Venus protein to the perimeter of LDs (Figures 7b, S10b, S11). These results together suggest that LPATs residing not only in the ER but also on the perimeter of LDs play pivotal roles in TAG biosynthesis.
DISCUSSION LPAT2, LPAT3 and LPAT4 participate in the central pathway for TAG biosynthesis
Whereas TAG content did not change in the lpat2 and lpat4 mutants, lpat3 showed a slight reduction in TAGs. Wild-type lpat1 lpat2 lpat3 lpat4
Wild-type lpat1 lpat2 lpat3 lpat4
Figure 3. Lipid profiles in single knock-out mutants of LPATs. Fatty acid content of major lipid classes (a), triacylglycerols (TAGs) (b), TAG sn-2 (c), diacylglyceryltrimethylhomoserine (DGTS) (d) and phosphatidylcholine (PC) (e) in four LPAT single knock-out mutants. Abbreviations: PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulfoquinovosyldiacylglycerol. Data represent means AE SEs of three independent knock-out lines. Statistical differences between the wild type and mutants were determined by two-tailed Student's t-tests: # P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001; the other differences are P ≥ 0.05). Full results including the other membrane lipid classes are shown in Figure S3 . Figure S5 . Data represent means AE SEs of three biological replicates. Statistical differences between the wild type and mutants were determined by two-tailed Student's t-tests: # P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001; the other differences are P ≥ 0.05). C]oleoyl-CoA were used as substrates. Data represent means AE SEs of protein extracts from independent cultures (n = 3 and 4 for C16:0-CoA and C18:1-CoA, respectively). Statistical differences from the control were determined by one-tailed Student's t-tests:
# P < 0.1; *P < 0.05; the other differences are P ≥ 0.1).
© Moreover, TAGs were decreased by up to 50% in the double mutants lpat2;3, lpat2;4 and lpat3;4. Neither lpat1 nor lpat1;2 nor lpat1;4 showed any reduction in TAGs, suggesting that the involvement of LPAT1 in TAG biosynthesis, if any, is minor. Although we have not examined the possible participation of the plastidic pathway in TAG production, as suggested in green algae , it is clear that a large proportion of TAG precursors are provided de novo by three extraplastidic LPATs in Nannochloropsis: LPAT2, LPAT3 and LPAT4.
We determined the major molecular species of TAG in Nannochloropsis. Lipidomic analysis in N. oceanica IMET1 indicated that C48:1 is the most abundant TAG species, followed by C48:2, C50:1 and C50:2 . Although numerous combinations of fatty acids over the three sn positions in the glycerol backbone are possible, our positional analysis showed that the fatty acid moiety at the sn-2 position was rigidly defined as C16:0 in 80% of TAGs. Under ÀP conditions, an increase in C18:1 in TAGs would be brought about by the activity of phospholipid: Figure 8 . Model of de novo lipid biosynthesis and flow mediated by the four lysophosphatidate acyltransferases (LPATs). Diacylglycerols (DAGs) with C16:1 and C16:0 at the sn-1 and sn-2 positions, respectively, are preferentially converted to triacylglycerols (TAGs) through acylation at the sn-3 position by phospholipid:diacylglycerol acyltransferase (PDAT) and diacylglycerol acyltransferases (DGATs). Consequently, TAGs with C16:1, C16:0 and C16:0/C18:1 at the sn-1, sn-2 and sn-3 positions are produced (yellow circle). On the other hand, DAGs with C16:1 at the sn-2 position are preferentially activated and desaturated to produce various membrane lipids (green circle). DAGs with C18:1 at the sn-2 position are activated to phosphatidylcholine (PC), and a portion of the resulting PC is converted to TAGs by PDAT activity. It was inductively determined that LPAT1 preferentially transfers C16:1 to the sn-2 position of LPA. On the other hand, LPAT2, LPAT3 and LPAT4 mainly transfer C16:0 to the sn-2 position of LPA and contribute to TAG biosynthesis. diacylglycerol acyltransferase (PDAT), which transfers a fatty acid moiety at the sn-2 position of phospholipids to the sn-3 position of DAG (Dahlqvist et al., 2000; St ahl et al., 2004; Yoon et al., 2012) . In fact, C18:1 is exclusively found in phospholipids (particularly PC and PE) and TAGs in Nannochloropsis, and the former are markedly decreased under ÀP conditions ( Figures S3, S5, S8 ; Iwai et al., 2015) . In summary, the molecular features of the major TAGs in Nannochloropsis are quite simple, and can be defined as C48:1/C50:2 with C16:1, C16:0 and C16:0/C18:1 at the sn-1, sn-2 and sn-3 positions, respectively (Figure 8 ). Because the fatty acid species at the sn-2 position are independent of changes in molecular species of TAGs overall under different nutrient conditions, a high substrate preference of LPAT2, LPAT3 and LPAT4 for C16:0 is suggested. Furthermore, DAGs with C16:1 and C16:0 at the sn-1 and sn-2 position, respectively, were preferentially converted to TAGs by the transfer of C16:0 or C18:1 to the sn-3 position by the 13 DGATs or one PDAT (Figure 8 ). Further in-depth analysis of DGATs and PDAT will be conducted in future studies to better understand their individual roles. Our in vitro enzyme assay for Nannochloropsis LPATs expressed in S. cerevisiae cells supports the hypothesis that LPAT2-LPAT4 are involved in de novo TAG biosynthesis through their LPAT activities. Whereas LPAT2 and LPAT3 did not appear to have LPAT activity for the substrate combination of C16:0-LPA and C16:0-CoA, LPAT2-LPAT4 may have much higher LPAT activity against the combination of C16:1-LPA, which we could not prepare, and C16:0-CoA in vitro. Our double knock-out study, however, clearly determined the specificity of LPATs in vivo. The C16:0-CoA preference of extraplastidial LPAT2-LPAT4 differs from the general observation that the ER-type LPATs in higher plants prefer C18 to C16 (Ohlrogge and Browse, 1995) . Although this discrepancy is difficult to explain, one possibility is that Nannochloropsis LPATs may have had an evolutionary origin(s) that is distinct from the origins of higher plants, which is perhaps a consequence of complex secondary symbiotic events that Nannochloropsis species have experienced during evolution. Nannochloropsis DGATs, for example, have been estimated to be derived from at least three genomes .
Membrane lipid biosynthesis mediated by LPATs
Effects on membrane lipids were observed with the loss of LPAT1, but were barely detectible in lpat2, lpat3 or lpat4. Whereas the most characteristic change in lpat1 was a dramatic decrease in C16:1 in DGTS and PC, no TAG phenotypes were observed, even in the double knock-out with LPAT2 or LPAT4. Therefore, it is likely that LPAT1 transfers C16:1, but not C16:0, to the sn-2 position. Once DAGs with C16:1 at the sn-2 position are produced by LPAT1 (and partially by LPAT2 and LPAT3), these DAGs would be converted to membrane lipids for use both outside and inside chloroplasts (Figure 8 ). We concluded that LPAT1 is the major contributor to membrane lipid biosynthesis. Results from the double knock-out analysis suggest that LPAT2 and LPAT3, but not LPAT1, play a major role in producing C18:1-containing phospholipids and TAGs. C18:1 constitutes half of fatty acid species in PC, but the C18:1 content did not change in lpat1 despite C16:1 decreasing by half. Therefore, it is likely that C18:1 in PC originates by direct transfer of C18:1 to the sn-2 position by LPAT2 and LPAT3, rather than the sequential conversion of C16:0 or C16:1 to C18:1 in situ. The absence of C18:1 at the sn-2 position of TAG indicates that PA or DAG with C18:1 at the sn-2 position is preferentially converted to PC and PE. In summary, LPAT2 and LPAT3 appear to be cooperatively involved in the biosynthesis of both membrane lipids and TAGs, which is different from LPAT1 (Figure 8 ).
The reduction in overall membrane lipid content in lpat1 seemed to be cancelled by the lpat2 or lpat4 mutation, except that the DGTS content remained low in lpat1;2. This effect in lpat1;4 may be masked by a decrease in cell number. In this case, the loss of both LPAT1 and LPAT4 would cause a defect in cell division while maintaining overall lipid biosynthesis. At present, however, we cannot fully explain the cause of this effect. Regarding lpat1;2, the single knock-out of LPAT1 showed an apparent reduction in membrane lipids, but it is highly unlikely that LPAT3 takes over the functions of both LPAT1 and LPAT2 in lpat1;2. It is also unlikely that the plastidic pathway can partially substitute for the extraplastidic pathway, as it can in Arabidopsis (Xu et al., 2003) , because TRIGALACTOSYLDIACYLGLY-CEROL (TGD1-TGD5) transporters, which are indispensable for lipid exchange between the ER and chloroplast envelope membranes in higher plants (Roston et al., 2012; Wang et al., 2013; Fan et al., 2015) , are completely lacking in the genomes of secondary symbionts (Hori et al., 2016) . Thus, plastidic and extraplastidic membrane lipid biosyntheses seem to be independent. On the other hand, it has been reported that eicosapentaenoic acid (C20:5) is exclusively synthesized by the extraplastidic route and then transferred to the chloroplast (Schneider et al., 1995) . Future studies on plastidic lipid biosynthesis and lipid transport across ER and chloroplast membranes will provide a better understanding of the homeostasis of membrane lipids in Nannochloropsis. In summary, whereas extraplastidic LPATs are responsible for the biosynthesis of membrane lipids, LPAT2, LPAT3, and LPAT4 are more strongly associated with TAG biosynthesis.
The perimeter of LDs is an important location for TAG biosynthesis
In this study, we showed that LPAT3 and LPAT4 localize to the perimeter of LDs in both Nannochloropsis and S. cerevisiae cells. There is a concern regarding the potential contamination of ER proteins in proteomics studies of isolated LDs; thus, although a proteomics study found GPAT, LPAT and PDAT in the isolated LDs of Chlamydomonas (Nguyen et al., 2011) , those TAG synthases were not commonly found in other proteomics studies of LDs in Chlamydomonas (Moellering and Benning, 2010) or Dunaliella (Davidi et al., 2015) . Although it is still unclear how proteins are recruited to the LD surface, several LD-localizing proteins are known to have a long hydrophobic sequence of 30-40 residues with hairpins (Thiele and Spandl, 2008; Kory et al., 2016) . Additionally, the proline knot motif in each long hydrophobic sequence is highly conserved in LD-residing oleosins from green algae to higher plants (Huang, 1996; Huang et al., 2013) . Although the proline knot motif was not found in LDSP, LPAT3 or LPAT4, these proteins have a hydrophobic region of >40 residues in length with three core proline residues, and we confirmed that this region is sufficient to localize a protein to the perimeter of LDs (Figures 7b, S10b, S11, S12; Vieler et al., 2012a) . Nannochloropsis LPAT3 and LPAT4 localized to the perimeter of LDs in S. cerevisiae cells, and Nannochloropsis LDSP also co-localizes with Arabidopsis LDs (Vieler et al., 2012a) , suggesting that the signature localization sequence is universal and independent of differences between species. Indeed, the feature of LD surface, which consists of a lipid monolayer, serves one of the major determinants of protein targeting to LDs (Kory et al., 2016) . A recent study demonstrated that LD proteins in the ER that have a hairpin signature are degraded through the ERassociated degradation pathway to establish the LD-specific protein localization (Ruggiano et al., 2016) . The absence of LPAT3, LPAT4 and LDSP in the ER suggests that these proteins may also be the targets of such a system. LD localization of acyltransferases is required for the growth of LDs (Wilfling et al., 2013) . Our phylogenic analysis indicated that LPAT3 and LPAT4 are stramenopile-specific proteins with similar origin, although they divided into respective clades. From these findings, we hypothesize that the acquisition of LPATs at the surface of LDs facilitates the production of large quantities of TAGs in Nannochloropsis.
A remaining issue is how the three LPATs cooperate to produce precursors of TAGs between the ER and LDs. Although the mechanism for how LDs emerge and grow in a cell remains elusive, one plausible model is that LD biogenesis is primed at the ER, and some LDs remain bridged there until they reach a proper size (Thiam et al., 2013; Wilfling et al., 2014; Hashemi and Goodman, 2015) . According to this model, LPAT2 in the ER is mainly involved in LD initiation and the continuous supply of lipids to nascent LDs, and then LPATs in the perimeter of LDs serve in further growth of LDs. Further analyses will be required to assess whether LPAT3 and LPAT4 are also localized to the ER-LD contact sites in Nannochloropsis. Because LPATs produce the precursors of TAGs, the localization of the other TAG synthases in Nannochloropsis remains to be investigated. Future studies of the life cycle and roles of LDs will provide insights for refined biotechnological manipulation of TAG metabolism in Nannochloropsis.
EXPERIMENTAL PROCEDURES
Nannochloropsis strain and culture conditions Nannochloropsis oceanica NIES-2145 was grown in F2N medium (Kilian et al., 2011) with bubbling of 2% CO 2 -containing air under continuous light (50 lE) at 25°C. Cells were counted under a microscope with a bacteria counter (Sunlead Glass Corporation, http://sunleadglass.com). The initial cell number was set to 2 9 10 7 cells per ml. Nutrient deficiency was induced as described in Iwai et al. (2015) .
Gene construction, nuclear transformation and screening
After Nannochloropsis cells were boiled in an extraction buffer [100 mM Tris-HCl (pH 8.0), 400 mM NaCl, 40 mM EDTA, 2% w/v sodium dodecyl sulfate] at 98°C for 10 min, genomic DNA was isolated by ethanol precipitation. The NT7 gene cassette (Kilian et al., 2011) was reconstructed on vector pUC18 using corresponding sequences from N. oceanica NIES-2145. For conferring hygromycin resistance, the Aph7 gene was used in place of sh ble. Genomic sequences (~1 kb) flanking the target sequences were cloned into the vector. For subcellular localization analysis, the coding sequence of enhanced GFP (EGFP) was optimized for the codon usage of N. oceanica NIES-2145. EGFP or Venus fusion protein was expressed under the LDSP promoter (Vieler et al., 2012b) of N. oceanica NIES-2145. Conditions for nuclear transformation were identical to those described by Kilian et al. (2011) , except that Gene Pulser II (Bio-Rad, http://www.bio-rad.c om) was used. Transformants were screened on F2N 50% seawater medium plates containing 2 lg L À1 Zeocin (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com) or 300 lg L À1 hygromycin B (Wako, https://www.wako-chemica ls.de). Knock-out mutants were screened based on the length of the PCR amplicon using genomic DNA as a template. An absence of transcripts was confirmed by PCR using single-strand cDNA as the template, which was synthesized with SuperScript III (Invitrogen) and oligo(dT) 18 primer using 1 lg of total RNA extracted with the TRI Reagent (Sigma-Aldrich, http://www.sig maaldrich.com). Double mutants were generated on the single mutant background. More detailed descriptions of the plasmid construction and primers used in this study are provided in the Appendix S1 and Table S1 .
Extraction and analysis of lipids
For lipid extraction, cells were harvested by centrifugation (at 1500 g for 10 min) after 7 days of cultivation. Total lipids were extracted by the Bligh-Dyer method (Bligh and Dyer, 1959) . Lipid classes were separated on a thin-layer chromatography (TLC) silica gel 60 plate (25 9 25 cm; Merck, http://www.merck.com) with the mobile phase hexane/diethyl ether/acetic acid (40:10:1, by volume). For membrane lipids, two-dimensional TLC was performed with chloroform/methanol/7 N ammonia (15:10:1, by volume), followed by chloroform/methanol/acetic acid/water (68:12:6:1, by volume). The digestion of TAGs for positional analysis was performed as described in Luddy et al. (1963) , using pancreatin (Wako), and then the digest was developed on 
Saccharomyces cerevisiae experiments
Strain W303-1B (MAT-alpha leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, rad5-535) was grown on YPD plates until transformation. All gene constructs were established on the pYES2.1 plasmid vector (Invitrogen). Plasmid transformation was performed by lithium acetate method and selected for uracil auxotrophy on a 2% glucose-containing synthetic complete agar medium (SC-Ura medium; 6.7 g L À1 Yeast Nitrogen Base, 0.77 g L À1 SC-Ura; MP Biomedicals, http://www.mpbio.com) at 30°C for 2-3 days. For protein induction, cells were precultured overnight in SC-Ura medium containing 2% raffinose (Wako), and then cells were pelleted by brief centrifugation and resuspended in an SC-Ura liquid medium containing 2% galactose (Wako) and 1% raffinose at a final OD 600 of 0.4. After 6 h of cultivation at 150 rpm at 30°C, cells were pelleted by centrifugation and rinsed with sterile water and an extraction buffer [50 mM sodium phosphate (pH 7.4), 150 mM NaCl, 2% (v/v) Nonidet P-40 (Nakarai, http://www.nacalai.co.jp), 20% (v/v) glycerol, 1 mM EDTA, and protease inhibitor cocktail (Roche, http://www.roche.c om)]. Pelleted cells were suspended in the extraction buffer, then frozen in liquid nitrogen and pulverized using a Multibeads Shocker (Yasui-kikai, http://www.yasuikikai.co.jp) at 2500 rpm for 5 min. After thawing on ice, cell debris was removed by centrifugation at 12 000 g for 10 min at 4°C. Each protein extract was frozen in liquid nitrogen and stored at À80°C until use. The concentration of protein was measured by a bicinchoninic acid (BCA) assay using bovine serum albumin as a standard. Immunoblotting was performed using a monoclonal antibody against GFP (JL-8; Clontech, http://www.clontech.com), which cross-reacts with the Venus moiety.
An in vitro LPAT enzyme assay was performed as described by Arroyo-Caro et al. , PerkinElmer) and 5 lg protein. Each reaction was started by adding a protein extract to the pre-warmed mixture and was continued for 5 min at 30°C. The reaction was terminated by adding 170 ll of 5% (v/v) acetic acid, and then lipids were extracted by adding 500 ll of chloroform/methanol (1:1, by volume). Lipids in the chloroform layer were separated using TLC with chloroform/methanol/28% ammonia/water (90:70:3.6:16.4, by volume), and the PA spot was visualized with an FLA 7000 phosphor imager (Fuji, http://www.fu jifilm.com). Quantification was performed using the image-analysis program IMAGEJ (National Institutes of Health, NIH, http://ima gej.nih.gov/ij/).
Confocal microscope analysis
For subcellular localization analyses, Nannochloropsis cells were cultured for 5-7 days in ÀP medium to allow higher ProLDSP induction, and then the cells were observed with an LSM780 confocal laser scanning microscope (Carl Zeiss, http://www.zeiss.com) and a 639 or 1009 oil objective lens. To label LDs, Nile red and glycerol was added to the Nannochloropsis culture at a final concentration of 0.3 lg ml À1 and 10% (w/v), respectively (Doan and Obbard, 2011) . To stain the ER, 1 lM of 3,3 0 -dihexyloxacarbocyanine iodide [DiOC 6 (3); Sigma-Aldrich] was added to the Nannochloropsis cells that were suspended in water and observed within 10 min. Saccharomyces cerevisiae cells were stained for 5 min with 1 lM DiOC 6 (3) or 5 lM BODIPY 493/503 (Invitrogen), respectively. A 488-nm argon laser (0.5-3.0% output) was used for excitation. For the observation of Nannochloropsis cells, the emissions of GFP, DiOC 6 (3), BODIPY 493/503, and chlorophyll a were detected at 493-538, 495-505, 493-517 and 633-695 nm, respectively. Spectral imaging was used for the simultaneous observation of GFP and Nile red, or GFP, Venus, eye spots and chlorophyll a. For the observation of S. cerevisiae cells the emissions of Venus (for single-track), Venus (for multi-track), DiOC 6 (3) and BODIPY 493/503 were detected at 510-620, 518-620, 495-505 and 493-517 nm, respectively. Acquired images were processed with ZEN software (Carl Zeiss).
Computational analysis
See Appendix S1 for details about RNA sequencing and phylogenic analysis. For hydrophobic profile analysis of the amino acid sequences, the Kyte-Doolittle hydropathy scale (Kyte and Doolittle, 1982) was applied with window size set to 9.
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